This publication summarizes discussions that were held during an international expert hearing organized by the German Federal Institute for Risk Assessment (BfR) in Berlin, Germany, in October 2017. The expert hearing was dedicated to providing practical guidance for the measurement of circulating hormones in regulatory toxicology studies. Adequate measurements of circulating hormones have become more important given the regulatory requirement to assess the potential for endocrine disrupting properties for all substances covered by the plant protection products and biocidal products regulations in the European Union (EU). The main focus was the hypothalamus-pituitary-thyroid axis (HPT) and the hypothalamuspituitary-gonadal axis (HPG). Insulin, insulin-like growth factor 1 (IGF-1), parathyroid hormone (PTH) and vitamins A and D were also discussed. During the hearing, the experts agreed on specific recommendations for design, conduct and evaluation of acceptability of studies measuring thyroid hormones, thyroid stimulating hormone and reproductive hormones as well as provided some recommendations for insulin and IGF-1. Experts concluded that hormonal measurements as part of the test guidelines (TGs) of the Organisation for Economic Co-operation and Development (OECD) were necessary on the condition that quality criteria to guarantee reliability and reproducibility of measurements are adhered to. Inclusion of the female reproductive hormones in OECD TGs was not recommended unless the design of the study was modified to appropriately measure hormone concentrations. The current report aims at promoting standardization of the experimental designs of hormonal assays to allow their integration in OECD TGs and highlights research needs for better identification of endocrine disruptors using hormone measurements.
Introduction
According to the definition proposed by World Health Organization/International Programme on Chemical Safety in 2002, endocrine disruptor (ED) is an "an exogenous substance or mixture that alters function(s) of the endocrine system and consequently causes adverse health effects in an intact organism, or its progeny, or (sub)populations" (WHO/IPCS 2002) . Since 2002, the definition has been endorsed by the Scientific Committee (SC) of the European Food Safety Authority (EFSA 2013) . The European Union (EU) legislation for plant protection products (PPP) and biocidal products (BP) stipulates that identification of an active substance as an endocrine disruptor precludes a substance from approval in the EU, unless exposure of or risk to humans is negligible (Reg. disrupting properties during registration and re-approval of an active substance, the European Commission (EC) has endorsed scientific criteria for the identification of EDs in the context of BP and for active substances, safeners and synergists in PPPs (EC 2017 (EC , 2018 .
The ED Guidance Document drafted jointly by the EFSA and the European Chemical Agency (ECHA) is foreseen to guide the implementation of the criteria in regulatory practice. It is designed to implement a hazard-based evaluation principle of the relevant endocrine disrupting properties of a substance and to advise applicants and regulatory authorities on how to assess available data using a weight of evidence approach. The ED Guidance Document (ECHA et al. 2018) emphasizes the relevance of an understanding of the mode of action (MoA) linked to the observed adverse effect and the endocrine activity. Consequently, changes in hormone concentrations gain particular weight in the assessment of possible endocrine disrupting properties of the substance during the pre-approval process. For example, significant changes in concentrations of oestradiol, testosterone and thyroid hormones may be indicative of an endocrine activity of an active substance on the experimental organism, and this should be contextualized in the MoA framework (i.e. dose and temporal concordance of the observed effects). However, because hormone concentrations fluctuate in response to the influence of internal and external factors (e.g. oestrous cycle, stress, circadian rhythm), a detailed description of the experimental conditions of the hormonal assays need to be provided to facilitate generation of meaningful and reliable results that can efficiently contribute to the MoA analysis.
Given the urgent need for practical guidance regarding the measurements of circulating hormones in regulatory toxicology studies, the BfR organized an expert hearing that was held in Berlin, Germany, on 18-19 October 2017. Prior to the expert hearing, the BfR, as a part of the collaborative scientific project with the EFSA, performed a laboratory survey to provide the experts with a detailed overview of the current methods applied in laboratories performing hormone measurement assays. Almost all of the replies from the contacted laboratories described procedures applied for the measurement of hormones circulating in blood. Consequently, the following aspects related to the hormonal measurements were addressed during the hearing:
1. The possibility of incorporating certain hormone measurements into existing OECD testing guidelines (TGs), the inherent methodological constraints pending such inclusion and the overall usefulness of the measurement of hormonal concentrations in the evaluation process. 2. The quality criteria required to assess the reliability of hormone measurement assays.
3. Specific recommendations for the hormonal assays, in particular with regard to animal housing, handling, sampling and detection methodologies.
Twenty-two participants representing academia, industry and risk assessment agencies from the EU, the USA and Brazil took part in the discussions in three parallel breakout groups. Representatives of the EC and the EFSA participated in the expert hearing as observers. Each group of experts focused on one of the hormonal pathways and corresponding hormones:
1. Hypothalamus-pituitary-thyroid (HPT) axis (triiodothyronine (T3), thyroxine (T4), thyroid-stimulating hormone (TSH)). 2. Hypothalamus-pituitary-gonadal (HPG) axis (oestradiol, progesterone, luteinizing hormone (LH), folliclestimulating hormone (FSH), testosterone). 3. Other hormones referred further as non-EATS (IGF, insulin, PTH, vitamin D and A) .
One of the direct outcomes of the expert hearing and the laboratory survey performed by the BfR was a compilation of a concise list of practical recommendations for the experimental design of hormonal assays relevant to thyroid, thyroid-stimulating and reproductive hormones. The list was subsequently provided to the EFSA and formed the basis for the Appendix B of the ED Guidance document (ECHA and EFSA et al. 2018) . The current report contains the agreed recommendations as well as experts' views on inclusion of hormonal measurements in the OECD TGs, scientific justification for selecting of certain hormones for assessment, hormonal measurement at different life stages and sources of scientific uncertainty that could influence regulatory decision-making.
Results

Inclusion of hormonal end points in the OECD TGs
Considering the importance of hormonal measurements as in vivo mechanistic parameters for the assessment of EDs, the question of incorporating hormone measurements in the OECD TGs was addressed during the expert hearing. Since 1997, the OECD Advisory Group on Endocrine Disrupters Testing and Assessment (OECD EDTA AG) has implemented endocrine-sensitive parameters in TGs, including measurements of thyroid hormones, TSH, LH, FSH and testosterone. The experts supported OECD EDTA AG activities on inclusion of measurements of thyroid hormones and TSH during the updating of the TGs. The experts also agreed that currently technical feasibility does not prevent the inclusion of HPT and HPG hormones in the OECD test guidelines.
Thyroid axis hormones (HPT axis)
The measurements of (total) T4, TSH and T3 were recommended as a preferred option to facilitate reliable data interpretation and avoid false assumptions that can arise from measurement of a single hormone. The assessment of all thyroid function-related end points including T3, T4 and TSH, thyroid weight as well as liver weight, thyroid, liver and pituitary histology should be favoured over the measurement of T4 alone. In general, the measurement of T4 and TSH is recommended as a minimum for assessment in post-pubertal animals, in weanlings and on postnatal day 4 (PND4). T3 could be measured as an optional end point at the same time points as T4 and TSH, if assessments are not limited by blood/plasma sample volumes. Measurement of free fractions of T3 and T4 represents a more complex technical challenge and may be investigated on a case-by-case basis in specifically designed mechanistic studies.
Alignment of the time points for mandatory and optional hormonal measurements in OECD TGs 421/422 and 443 should be considered during the next revision of these guidelines. For example, the TGs 421 and 422 hormone measurements on PND 13 are mandatory, but PND 4 is an optional time point. In contrast, the TG 443 mandates measurements on PND 4, PND 21 and in adults. The existing discrepancy in the time points at which measurements are performed complicates the comparison of results obtained from two study types and a proposed alignment of the TGs would greatly improve data interpretation. It is noteworthy that TGs 421 and 422 are not standard data requirements for biocides and PPPs in the EU.
It was also noted that the measurement of thyroid hormones in foetuses is not currently required by the EU regulations; however if this requirement is to be introduced in the future, it should not compromise measurement of other end points such as intrauterine growth, survival and foetal morphology. Instead, a separate study such as the comparative thyroid assay (US EPA 2005) could offer a more appropriate possibility for investigating hormonal changes in the foetuses. It was also noted that the US Environmental Protection Agency (US EPA) has elaborated screening tests for thyroid-active EDs in peripubertal animals, yet these protocols are not currently candidates for OECD TG development (US EPA 2009a , US EPA 2009b . Evidence from other studies, performed according to the TGs 407, 408, 422, 443, 451 and 453 (OECD 2008 , 2018a , could trigger the need for this additional study if gestational effects are anticipated. To overcome the technical limitation of the low blood volume in foetuses, pooling of blood samples within litters was suggested, but implementation of a more sensitive method would be more advantageous.
The OECD TGs pre-define a minimum number of animals to be allocated to treatment and control groups, while statistical power analysis should be applied to calculate the group sizes actually needed. Experts strongly argued that statistical power is a critical point for defining the limits of the selected study type to detect changes in hormone concentrations under the chosen experimental conditions with the necessary sensitivity. For example, a study performed according to OECD TG 408 (OECD 2018a) with ten rats per group has sufficient power to detect a 1.5-fold increase in TSH and a 1.35-fold (35%) decrease in T3 or T4 concentration in the treated group vs control, assuming that the coefficient of variation in the control and treatment group is about 25% for T3 or T4 and 35% for TSH (Wilcoxontest, two sided, power 75%, p < 0.05, NQUERY software used for the calculation). In contrast, the expected significant changes between control and treatment groups occurs only at a twofold increase of TSH and a 1.73-fold decrease of T3 or T4 when the group sizes are five rats as in the OECD TG 407 (OECD 2008) . Changes below these levels will not be statistically significant. Indeed, if a dedicated satellite group for the hormonal assessment is considered, specific considerations on the number of animals should be carefully evaluated and justified.
Reproductive hormones (HPG axis)
It was agreed that measurement of reproductive hormones is a useful parameter for the identification of a substance with endocrine disrupting properties. To facilitate data interpretation, the measurement in the same study of a battery of hormones should be preferred over the measurement of a single hormonal endpoint. An informed decision regarding the exact hormones to be measured in the study should be made based on the available data from previous studies (e.g. histopathology, organ weight and reproductive parameters). In principle, certain OECD TGs can be extended by incorporation of reproductive hormone measurements. However suitability of each TG should be considered independently and appropriate modifications to the experimental design should be proposed if necessary, for example to consider the inclusion of a dedicated satellite group for the hormonal assessment or change in the number of animals. One important consideration highlighted by the experts was the insufficient number of female animals to account for the variations caused by the oestrous cycle.
Non-EATS pathways
Common for all non-EATS hormones and hormone-like substances addressed at the meeting is that they are not 1 3 incorporated in standard toxicology studies and there is no guidance on their use or interpretation. Disturbances of the retinoid system (vitamin A) that can lead to modifications of gene expression programmes of relevance for health later in life were discussed by the experts as an example of a project that is required to bring the non-EATS modalities to regulatory attention (Project 4.97, (OECD 2018f)). It was noted however that for vitamins A and D, additional evidence should be obtained before their inclusion as a standard parameter in the OECD TGs. Experts proposed that the measurements of insulin and IGF-1 could potentially be assessed in the context of evidence of altered growth during the post-natal development or indications of metabolic disease (e.g. diabetes, obesity), but should not be included as an end point in the guideline studies. Overall, experts have encouraged further activities to be initiated by the OECD EDTA AG, on the development of testing strategies to assess non-EATS modalities and guidance on their use or interpretation.
Quality and performance criteria for thyroid hormones, TSH, reproductive hormones and non-EATS pathways
Factors influencing quality and reliability of results, as well as those that lead to variability in the data were scrutinized by the experts. The results of the laboratory survey preceding the expert hearing formed the basis for the discussion. The survey highlighted, on one hand, the broad range of experimental conditions and detection methods reported by various laboratories, and, on the other, advances in the development and implementation of standard operating procedures by laboratories conducting the studies.
Considering the current practice and the fact that advances in technology will likely improve the sensitivity beyond the current standards, the experts suggested defining the range of quality criteria that are expected to be met, independent of the assay methodology in use (Table 1) . Meeting these recommended quality criteria would enable greater consistency and reliability in the data, as well as reduced variability. Such an assay-independent approach requires considerable assay validation. Assistance in the validation of assays is in part provided by the EMA guideline on bioanalytic method validation (EMA 2011), and some recommendations on chromatographic method validation are listed in the report from the 3rd AAPS/FDA Bioanalytical Workshop (Viswanathan et al. 2007) .
At the plenary session, different opinions were expressed by experts regarding the reporting of the assay validation results, whether it should be summarized in the corresponding study report or be submitted to competent regulatory agency/authority upon request as a validation report. However, experts agreed that independent of the form of reporting, proof of robust assay validation is critical and should be available for an independent evaluation of study data.
General recommendations for assessing circulating hormones (HPT, HPG and non-EATS)
During the expert hearing, the best practice for hormonal measurements was discussed and consensus was reached regarding multiple parameters of study design, sampling, pre-analytical considerations and data analysis within the breakout groups. Some of the recommendations, however, appeared to be common for measurement of circulating hormones in toxicological studies and these are summarized below:
Considerations relevant to the study design Number of animals Experts concluded that a minimum number of required animals should be established depending on the normal physiological inter-individual variability and sensitivity of the assay and method for determination of the point of departure, i.e. whether the derivation of a no-observed-adverse-effect level/lowest-observed-adverseeffect level (NOAEL/LOAEL) or a benchmark dose (BMD) approach is taken. It was recommended to perform statistical power analysis to establish the optimal group size. For the thyroid hormones and TSH, see the exemplary calculation above and in Table A .1 of Appendix B in ED Guidance document (ECHA and EFSA et al. 2018) . For male and female reproductive hormones, power analysis calculations can be found elsewhere (Andersson et al. 2013; Stanislaus et al. 2012) .
Considerations relevant to stress minimization and animal welfare
Levels of thyroid (e.g. T3, TSH) as well as some reproductive hormones (e.g. prolactin) can alter rapidly in response to stress (Balcombe et al. 2004 ). Thus, implementation of stress reduction/minimization is of particular importance in studies where hormonal endpoints are planned to be assessed. This is especially important in adult animals. Animal care and housing should meet the EU and national legislation requirements (EP and Council of the EU 2010). Standard group housing with three to five rats per cage of a suitable size is not expected to affect thyroid hormone concentrations, while isolated housing was considered to be more stressful. To reduce stress associated with the procedure of blood sampling, sampling time should not exceed 3 min per animal with and 1 min without anaesthesia, Table 1 Quality criteria parameters to be considered for robust assay validation when designing and reporting on the hormonal measurement assay independent of the detection method applied *From literature and communication with experts, the cross-reactivity of antibodies can be utilized for thyroid hormone measurement. For example, use of human ELISA kits for toxicological purposes for rat samples was described to achieve higher sensitivity Hormonal axis , at least 30 min should be given for acclimatization, but acclimatization should not necessarily be extended to 24 h. The required preparatory procedures (e.g. shaving prior to jugular vein bleeding) should be performed 1 day prior to sampling. The selection of the sampling technique should be based on the previous experience of the laboratory, considering the importance of reducing the stress associated with the procedure to minimum. For example, in adult animals, tail vein sampling should be avoided due to the stress associated with restraint, while cardiac puncture should not be used as survival sampling method due to animal welfare reasons. For pups, cardiac puncture or alternatively decapitation followed by collection of trunk blood was recommended as blood sampling methods of choice. For foetuses (not required in the EU legislative framework), collection of umbilical cord blood or alternatively decapitation followed by collection of trunk blood was recommended. For survival sampling, the maximum volume of collected blood should be determined according to the relevant EU and national welfare regulations. Anaesthesia should be given prior to exsanguination for the purposes of euthanization of adult animals or pups for terminal sampling. To this end, the use of isoflurane followed by exsanguination is recommended. The general consensus was that isoflurane is the anaesthetic of choice due to its rapid and smooth induction. Carbon dioxide gas should be avoided due to animal welfare reasons, namely induction often takes longer and animals exhibit restlessness and hyperactivity (Deckardt et al. 2007 ). Using isoflurane alone for euthanasia should be avoided in adults and ether for euthanasia of pups should be avoided due to laboratory personnel safety reasons.
Considerations relevant to circadian rhythm
Staggering and stratification/randomization during terminal killing Randomization/stratification of animals to control for the differences in the timing of the sampling is highly recommended when sampling. Certain recommendations regarding the length of the sampling procedure for hormones of HPG and HPT axes are provided below. If more time is required (e.g. terminal sampling), then staggering of animals can be implemented (e.g. parturition staggering); however, the same number of animals from the control and all treated groups should be sampled on the same day.
Pre-analytical parameters
Sample matrix and storage Considering that both plasma and serum can be used in the subsequent steps of hormone detection, the selection of the fraction can be made based on a protocol previously established in the laboratory. To obtain serum, whole blood should be left to clot for at least 30 min at room temperature and for further sample processing serum-separation tubes can be used. For plasma preparation, whole blood can be collected in heparin-and EDTAtreated tubes, while care should be taken to avoid usage of sodium-citrate-treated tubes. Upon separation, plasma or serum samples can be aliquoted and stored frozen for future processing. It is recommended that the validation of sample stability be performed under all circumstances including validation of sample storage conditions (e.g. temperature, length, freeze-thaw stability).
Data analysis and interpretation
Statistical analysis of data The statistical analysis of hormonal concentrations does not require application of any special test, but a suitable statistical method of analysis should be applied. No consensus was reached regarding the statistical treatment of outliers, with some experts arguing strongly against the removing of outliers as it may mask the biologically determined variability between responders and non-responders to the treatment. High variability of the data even if all precautions to limit analytical and physiological variation were taken still does not justify the removal of outliers. Nonetheless, exclusion of data points may be justified for physiological reasons [e.g. non-pregnant rats in a teratogenicity study (OECD TG 414, (OECD 2018b) )] or because of technical failures (e.g. strong haemolytic sample, etc.).
Use of historical control data
In regulatory toxicology studies, the effect size is normally determined in comparison to the concomitant control group, thus historical control data are rarely needed. Indeed inter-laboratory comparisons are even less probable if comparison to the intra-laboratory reference range for the purpose of result interpretation is not expected to be performed. Yet, each laboratory conducting hormone measurement assay(s) is expected to develop its own reference range(s) for quality control purposes. The reference range should be formed from data generated using the same method (including sampling time), performed in untreated animals of the same sex, strain and age kept under standardized housing/dietary/environmental conditions with hormone detected with the same analytical assay.
Specific recommendations for the HPT axis (T3, T4, TSH)
As evident from the survey performed prior to the expert hearing, thyroid hormones and TSH were found to be routinely measured in contract research laboratories, industrial and academic research centres, indicating that sufficient experience and expertise already exist. The dedicated breakout group reached a consensus on the number of parameters relevant for the measurements of T3, T4 and TSH in the context of the nonclinical toxicological studies.
Considerations relevant to the study design
Free vs bound T4/T3 hormone It was concluded that the measurement of (total) thyroid hormones as part of regulatory toxicology studies was technically feasible. At the same time, the measurement of free fractions of T3 and T4 represents a more complex technical challenge, which in addition requires a high volume of serum (up to 200 µl), and thus could be recommended as a follow-up mechanistic study. An indication for the mechanistic study would be de-regulation of T4 in only one species or discordance between T4 and TSH responses. When measurement of the free hormone is foreseen, the sample would require pre-treatment via ultracentrifugation or dialysis, followed by chromatography or a comparably sensitive detection technique.
Test animals
The current recommendations were formulated for rats, thus the assay parameters would need to be adjusted according to the species examined, e.g. dogs for regulatory toxicology studies or sheep for research studies. Experts agreed that T4 and TSH should be measured in post-pubertal animals (around 12 weeks of age), at weaning and at PND 4 and T3 could be measured optionally at the same time points. The measurement of thyroid hormones can be performed in both male and female animals, while preliminary synchronization of females was not considered to be necessary. In general, eight to ten animals per group should be sufficient to detect statistically significant differences between the control and treated groups. A preliminary power analysis is recommended to predict the minimum effect size that is likely to be detected if a lower number of animals are used, for example, as in the OECD TG 407.
Terminal sampling Terminal sampling is expected to provide adequate information for hazard identification without compromising other study end points. However, the interpretation of data may be difficult if terminal sampling is performed in senescent animals.
Circadian rhythm Blood samples should be collected in the morning, between 8 a.m. and noon for the measurement of thyroid hormones. Samples must be taken in a randomized manner, but within the shortest possible time frame (within 2 h) to minimize impact of the circadian variation on the outcome of the measurement. Experts concluded that up to 40 animals can be sampled within a given time frame of 2 h for survival sampling, while for terminal sampling staggering would be possible.
Analytical considerations
To quantify the hormone, any detection method that has undergone a robust validation as described above is suitable for the measurement of hormonal concentrations. The laboratory survey demonstrated that laboratories use radioimmunoassays (RIAs), enzyme-linked immunosorbent assays (ELISAs), multiplexing and mass spectrometry (MS/MS) technologies to measure TSH, T3 and T4.
Data interpretation
As already mentioned, measurement of a battery of hormones (i.e. at least T4, TSH and T3 for thyroid assessment) was recommended for meaningful data interpretation. As the concurrent control group is used as a reference point, measurement of the hormonal levels at the baseline was not necessarily recommended. In the occasion of non-concordant changes in hormones' concentrations, a mechanistic follow-up study is to be considered. However, it should as well be noted that in cases of a non-concordance, attention should be paid to the biological plausibility of the changes, along with the measured variability. In those cases, when the effects on thyroid are investigated in juvenile rats, a histopathology atlas such as the Atlas of Histopathology of Juvenile Rat (Parker 2016) can be consulted to facilitate interpretation of the results obtained in the studies with juvenile rats.
Specific recommendations for the HPG axis (oestrodiol, progesterone, LH, FSH and testosterone)
The measurements of oestradiol, progesterone, LH, FSH and testosterone provide important input to the identification of a substance with endocrine disrupting properties. Among survey respondents reporting measurement of the HPG hormones, 12, 13, 10 and 15 repondents reported measurement of oestrogen, progesterone, FSH and LH, while 16 reported measurement of testosterone. The following recommendations are given to assist in design of reproductive hormone measurements and were developed for oestradiol, progesterone LH, FSH and testosterone.
Considerations relevant to the study design
When reproductive hormone investigation was necessary, experts once again agreed that assessment of the battery of hormones (i.e. at least LH, FSH, oestradiol and progesterone for female hormonal reproductive status) would be preferential to the measurement of a single hormone. Selection of particular hormones should be done based on the results of preceding toxicological studies or any relevant information that would facilitate generation of the hypothesis driving the investigation. It might be necessary to adapt the study to accommodate specific pattern of hormone changes in response to oestrous cycle or circadian rhythm, as some hormones are more prone to the variation in response to stress or circadian rhythm (e.g. prolactin) than others (e.g. LH, testosterone). For more specific recommendations on the design of male and female reproductive hormone measurements, reviews by the Scientific and Regulatory Policy Committee might be helpful (Andersson et al. 2013; Chapin and Creasy 2012) .
Test animals
Differences between males and females should be addressed in the study design, as information collected from both sexes may be helpful in the assessment of overall changes in reproductive hormones. The stage of the oestrous cycle should be considered in females at the time point of blood sampling, while synchronization was not considered as absolutely necessary. However, it should be noted that in a study with 10-15 females per group when divided by four stages of the cycle, only 3-4 females will be at the same stage of the cycle, per se reducing the power of the experiment (Biegel et al. 1998; Stanislaus et al. 2012) . Due to the fact that concentrations of the hormones are influenced by the stage of the cycle which in turn is strictly regulated by circadian rhythm, sampling in the intact females should be properly timed. In such cases, it might be more helpful to design an additional mechanistic study where female rats are sampled according to the stage of the oestrus cycle and/ or time of the day (e.g. early evening for decreased prolactin and oestrodiol) (Andersson et al. 2013) .
Circadian rhythm
In general, to measure reproductive hormones, blood sampling should take place in the morning (unless another time of the day is preferential) within 3 h. The stage of the oestrous cycle should be considered when stratifying females.
Consideration relevant to stress minimization It was recommended to use anaesthesia prior to blood sampling to mitigate the stress. However, any direct impacts of the anaesthetic on the hormone level must be considered (Deckardt et al. 2007; Nazian 1988) .
Data interpretation
Some of the experts suggested that the results should be interpreted by considering any potential interaction with mechanisms resulting from excessive toxicity; for this reason, changes observed only at the high dose (at or above the maximum tolerated dose) should be evaluated with caution.
Specific recommendations for non-EATS hormones and hormone-like substances
Compared to the EATS-related hormones, only a limited number of responses were collected for non-EATS-related hormones and hormone-like substances (2, 3, 5 and 5 for IGF, vitamin D, insulin and PTH, respectively). These molecules and the retinoic acid pathway were discussed by experts in the dedicated breakout group. The following practical recommendations were generated mainly for measurements of insulin and IGF-1. Some considerations were expressed by experts relevant to PTH and vitamin D, while no specific recommendations were developed for retinoid (vitamin A) analyses in the blood.
Insulin and insulin-like growth factor-1
The measurement of insulin in non-clinical toxicological studies is a helpful indicator of metabolic changes or of more profound alterations induced by the treatment with the test substance leading to the development of the metabolic disease. Measurements of IGF-1 (and IGF-2) are recommended as indicators of altered growth (e.g. body composition, fat pads, bone length, e.g. femoral-tibial length) observed in the extended one-generation reproductive toxicity study (OECD TG 443, (OECD 2018c) ) or in any other repeated-dose toxicity test.
Study design
The rat and mouse were considered acceptable species for investigations of the effects of treatment on the IGF-1 and insulin levels. Measurement of IGF-2 during foetal and IGF-1 during post-natal development was suggested. Both male and female animals can be used for the measurement of IGF-1 and insulin; however, sex-specific differences in IGF-1 concentrations (e.g. during puberty) may exist according to some of the experts. If repeated sampling is required, e.g. for IGFs and insulin measurements, the use of satellite groups would be necessary, while the amount of blood collected during repetitive sampling should meet national and EU animal welfare regulations.
Stress minimization With regard to animal handling, stress minimization was mentioned as a desirable, but probably not critical factor when IGF-1 and insulin are measured.
Blood sampling Insulin should be measured in fasting animals.
Analytical considerations ELISA is considered an applicable detection method for the quantification of IGF-1 and insulin when relevant calibration of the instrument is guaranteed and the assay fulfils the performance criteria (e.g. EMA guideline as guidance (EMA 2011)).
Parathyroid hormone
No specific recommendations were provided for the PTH. The measurement of the hormone is technically feasible; however, other parameters might be more informative than PTH to assess changes in skeletal phenotype, for example serum calcium or measurement of bone mass.
Vitamin A (retinol and retinoic acid)
No specific recommendations were developed for the measurement of retinoids. It was noted that there might be a future need for analytical capacity in this area to match current regulatory awareness and possible future demands. While biologically inactive retinol (vitamin A) can be readily detected in serum (Arnold et al. 2012) , its relevant metabolite retinoic acid might require establishment of sensitive LC-MS/MS methods. In any case, measurements of retinoic acid should be interpreted in the context of histopathological changes in the liver, eyes and other tissues/organs.
Conclusions
Overall, the expert hearing led to the establishment of quality criteria and gave practical recommendations for study design, study conduct and the evaluation of T3, T4, TSH and reproductive hormones, as well as for some non-EATS hormones and hormone-like substances. The principle conclusions of the meeting can be summarized as follows:
1. An extensive body of expertise and knowledge in laboratories routinely conducting measurement of T3, T4 and TSH and reproductive hormones (oestradiol, progesterone LH, FSH, testosterone) already exists. 2. Different methods (e.g. hormone quantification, blood sampling procedures) may be used in different laboratories, but it is essential to justify their use and critical to provide evidence of their validation. 3. Study designs should be tailored to hormonal physiology and with special consideration towards stress reduction measures. Animal and sampling randomization/stratification methodologies should be used. 4. The measurement of a battery of hormones relevant to a given axis is preferred to measurement of single hormones (i.e. at least T3, T4 and TSH for thyroid assessment and at least LH, FSH, oestradiol and progesterone for female hormonal reproductive status). 5. For reproductive hormones, the selection of hormones should be based on information from prior toxicological studies with the substance. 6. If incorporation of hormonal evaluation in routine regulatory toxicology studies is not feasible, then a specific mechanistic study may be conducted and this strategy is preferred to address the MOA evaluation specifically. 7. Changes in hormone levels cannot be used as "standalone" determinants, rather they should contribute to the weight of evidence for the identification of endocrine disrupting properties to complement such toxicological information as growth, reproductive performance, organ weights and histopathology. 8. The lack of experience in measuring non-EATS hormones in the toxicological context represents an important gap for the risk assessment of endocrine active substances; therefore, a cross-disciplinary collaboration between pharmacologists, endocrinologists and toxicologists is strongly recommended.
Many assays for the exploration of endocrine MoAs already exist; however validation at an OECD level is either ongoing or has not yet been initiated (Solecki et al. 2017) , thus delaying their applicability in the toxicological studies. Currently, the situation is even more complex for non-EATS modalities due to the lack of adequate testing strategies and our understanding of the interpretation of the results. Targeted research is needed as a consequence. It is expected that a more efficient assessment of substances with endocrine disrupting properties could be achieved by closing knowledge gaps and including further validated assay/test methods into the OECD Guidance Document 150 on Standardised Test Guidelines for Evaluating Chemicals for Endocrine Disruption (OECD 2018g), to support the interpretation of the results and reduce uncertainties.
